Oil palm fiber (OPF) extracted from empty fruit bunches is proven as a good raw material for bio-composites. The statistical variability in single fiber strength was observed due to the randomly distributed flaws along the fiber. In this study, the effect of gauge length on tensile strength of OPFs has been investigated. The Weibull/ weakest link distribution model was applied to analyse the statistical strength of OPFs. The modified Weibull distribution can predict the gauge length effect more accurately than the conventional Weibull distribution. In addition, the failure strength of the OPF was less sensitive to gauge length compared to coir fiber even though the OPF has a similarity in structures to coir fiber.
Introduction
Oil palm empty fruit bunch fiber, in short, known as oil palm fiber (OPF) [1] is a kind of seed hair easily to be obtained from oil palm industries [2] . OPFs have not fully materialized in fabrication of biodegradable composites, even though it has the potential to yield up to 73% fiber at low cost [3] . Therefore, OPF may be more preferable in bio-composites production when considering their availability and cost effectiveness.
The mechanical properties of OPFs are highly variable [1, [4] [5] [6] . Sia et al. [7] reported that the diameters of natural fibers vary greatly not only among fibers but also along the fiber length. Therefore, statistical approaches to assessing the mechanical properties are essential to analyse the high disparity of the mechanical properties and to quantify the variation of the probabilistic strength of OPFs. Recently, the Weibull/weakest link distribution [8] has been widely applied to the statistical analysis of mechanical strengths of natural fiber such as abaca [9] , jute [10] , okra [11] and flax [12] .
The common two-parameter Weibull distribution applied in the mechanical study is given by:
where F is the failure probability of the fiber, V is fiber volume, σ is failure strength, V 0 is standard volume, m is Weibull modulus and σ 0 is scale parameter. The average value of σ can be predicted from the equation below once the Weibull distribution parameters (m, σ 0 ) are obtained:
For a constant fiber diameter, when the average value of σ 1 at gauge length L 1 and m can be obtained, the average value of σ 2 at the gauge length L 2 can be calculated:
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where the values of σ 1 and σ 2 are the fiber stress at gauge length L 1 and gauge length L 2 respectively. However, great discrepancies were found between conventional Weibull predicted strength and experimental data [13, 14] . Therefore, Watson and Smith [15] as well as Gatans and Tamuzs [16] have suggested that the exponent 1/m in Equation (3) be modified to α/m:
and the corresponding Weibull distribution (named as WSGT function [17] ) becomes:
Manipulation above expression gives the following relation:
Hence, a plot of
which should produce a straight line, gives rise to the gradient, m and intercepts σ 0 at
Median rank method is usually used as an estimator for probability of fiber failure.
where i is the rank of the each data point and N is the total number of the samples. The parameter of α was found to vary in previous researches. Phoenix et al. [18] suggested that α = 0.60 for Kevlar-49 fibers, and Wu and Netravali [19] obtained α = 0.77 for Nicalon SiC fibers.
However, Zhang et al. [20] suggested that the value of α in Equation (4) is related to the within-fiber diameter variation:
where CV FD is the average within-fiber diameter variation, L is the gauge length, A is a constant, ε is a random error. Considering all the above issues, it is important to determine a suitable Weibull model to predict the tensile strength of OPFs and other natural fibers which have the similar structures. The comparison of the statistical analysis by using the conventional Weibull distribution and the modified Weibull model is also described in this paper.
Experimental
Materials
Oil palm fibers were purchased from CM Fibre Processing Sdn Bhd, Malaysia. The average fiber diameters used in this experiment is in between 190 μm to 300 μm. Sodium Hydroxide (NaOH) was purchased in Hyogo, Japan.
Surface Treatment
Oil palm fibers were kept in an oven at 21˚C ± 1˚C for 24 hours for conditioning which accords with ASTM D1776-04. The oil palm fibers were then soaked in 1.0 M of alkali solution for 24 hours. After completing the surface treatment, the alkali treated fibers were washed and rinsed with distilled water several times until the final pH was maintained at 7.0. Finally, the fibers were dried at room temperature for 48 hours.
Fiber Diameter Scanning
The specimens were prepared according to the ASTM C1557-03. The fiber was mounted on a slotted cardboard tabas shown in Figure 1 . Extreme care was taken to ensure that the fiber was aligned axially with the tensile direction. Cemedine EP001N adhesive was used to attach the fiber at opposite ends of slot. The gauge length was determined by the fiber length between the adhesive spots. Once the glue spots were cured, the fibers were placed under a Nikon Eclipse ME600 microscope for diameter scanning. The fibers were considered perfectly round and the fiber diameters were measured at 1 mm intervals along its length.
Tensile Test
The uniaxial tensile strength tests were carried out by using a Tohei MT201 tensile test machine. The tensile strengths of the OPFs were evaluated at 10 mm, 20 mm, 30 mm and 40 mm gauge lengths. The values for the fiber fractures at or near the adhesive spots were discarded. Fifty sets of successful data at each of these gauge lengths were obtained for the statistical analysis. 
Results and Discussion
Morphological Analysis
The micrographs of the fiber before and after alkali treatment are exhibited in Figures 2(a) and (b) respectively. NaOH treatment leads to the irreversible mercerization by removing natural and artificial impurities, thereby producing clean and more visible fibrils on surface topography (Figure 2(b) ). Many studies also revealed that the impurities in natural fibers can be washed out by alkali treatment [21, 22] . In this study, the parameter α is dependent on the within-fiber diameter variation along the fiber length. Therefore, a clean fiber surface can improve the accuracy of the statistical analysis. 
Weibull Distribution
The mean diameter listed in Table 1 is the average diameter of 50 tested fibers. The CV FD is the average value of the within-fiber diameter variation coefficients of 50 fibers at each gauge length. The average value of failure strength decreases with increasing in gauge length is probably due to the fact that the flaw sizes increase in larger fiber volume. Similar behaviour is observed in wool [20] , banana [23] and coir [24] fibers. The relationship between CV FD and the gauge length of the test specimens is illustrated in Figure 3 . The average withinfiber diameter variation increases exponentially with the increase of the gauge length. The correlation of the logarithm in Figure 3 also shows a very high value (R 2 = 0.9829). As reported by Zhang et al. [20] , the value α = 0.2133 can be obtained from the slope value of ln(CV FD ) versus ln(L).
The Weibull plots based on Equation (6) Table 1 .
Strength Prediction of the Fiber
The Weibull model can predict the gauge length effect on the fiber strength if the data fit the distribution well. The 
The Parameter α in Predicted Strength
A comparison between the experimental data and predicted values from Equation (4) at different value of parameter α is shown in Figure 6 . The predicted curve with the parameter α = 0.4 was found to have a good agreement with experimental values. However, the parameter α = 0.4 is specifically significant at very short gauge length. Applying the parameter α = 0.4 at long gauge length may decrease the predictive accuracy.
Scale Effect
The failure strength of banana [23] , coir [24] , ramie [25] and kenaf [25] fibers at various gauge lengths are provided in Table 2 . As expected, the failure strength of banana, coir, ramie and kenaf fibers decrease with increasing in gauge length. The plot of normalised failure strength at different gauge lengths is illustrated in Figure 7 . The strength values of oil palm, banana, coir, ramie and kenaf fibers are normalized by using each respective strength value at 10 mm. Clearly, the OPF and ramie fiber are less sensitive to its gauge length compared to kenaf, banana and coir fibers. The scale effect of the fiber strength depends on the growth rate of the flaw sizes in the fiber when the gauge length is increased. As seen from Figure 7 , the failure strength of the OPF has less scale effect on its gauge length compared to coir fiber although Hassan et al. [26] have reported that the OPF has a similarity in structures to coir fiber. This could be due to the growth rate of the flaw sizes and the flaw distributions differ between OPF and coir fiber.
Conclusions
The present work evaluated the failure strength of the OPFs at different gauge lengths. A modified Weibull statistical analysis has been addressed. The following conclusions can be drawn from this work:
1) The average failure strength of the OPF increases with decreasing in gauge length because the flaw sizes increase in larger fiber volume.
2) The predicted fiber strength by the modified Weibull model is more accurate than the conventional Wei- bull distribution. The statistical analysis of OPF strength by incorporating the within-fiber diameter variation should be considered.
3) The optimum value of the parameter α = 0.4 was obtained in this study. However, the value of the parameter α is specifically significant at very short gauge length.
4) The scale effect may vary although the fibers have a similarity in structures. This may be due to the growth rate of the flaw sizes and the flaw distributions differing from fiber to fiber. Coir [24] Ramie [25] Kenaf [25] 
